This manuscript presents the general approach to the understanding of the connection between bonding mechanism and electronic structure of graphene on metals. To demonstrate its validity, two limiting cases of the "weakly" and "strongly" bonded graphene on Al(111) and Ni (111) 
The recent demonstration of the unique transport properties of graphene [1, 2] , a two dimensional allotrope form of carbon, opens a door in the world where strict 2D circuits built on the basis of graphene can be fabricated and used [3] . However all these applications require that at some point the graphene-based device is contacted by metal. Considering graphene on metal one can expect, in general case, a strong modification of its valence band electronic structure. Presently, with respect to such changes, graphene on metal is described either as "strongly" or "weakly" bonded to metal. In the first case graphene is always n-doped and the overlap of the valence band states of graphene and metal at relatively short distance between them (in the range of 2 -2.3Å) completely destroys the linear dispersion of the graphene π states around the Fermi level (E F ) [4] [5] [6] [7] [8] [9] . For the "weakly" interacting system (graphene can be n-or p-doped) a linear dispersion of π states around E F is preserved [10] [11] [12] [13] [14] .
Here it is worth to mention that DFT calculations with different functionals, in most cases giving very good agreement with experiment regarding the electronic structure, predict the bonding energy of graphene to metals in the range of 50 -150 meV/C-atom with the higher value for the "strongly" bonded graphene [15] . This value is far below the lower limit of ≈ 500 meV/atom which is usually taken for the description of the strong chemical adsorption on the metallic surfaces.
At the same time the recent angle-resolved photoemission experiments on graphene/Cu and graphene/Au show that despite of the linear behaviour of the graphene-derived π states around E F , there is a clear hybridization between graphene π and metal d valence band states [16] . These experiments also reveal the pronounced energy gap at the Dirac point (E D ) [13] . The idea that this gap is due to the broken sublattice symmetry and that the width of the energy gap depends on the doping level of graphene is not supported by other experiments or calculations [14, [17] [18] [19] .
In this manuscript, basing on the analysis of a large amount of experimentally and computationally obtained band structures, we propose an universal model that allows to describe any graphene/metal system. All experimental observations as doping, hybridization of the valence band states of graphene and metal, and gap formation are considered and explained in the framework of this approach. The validity of our model is supported by the results of DFT calculations for several representative examples.
Let us consider graphene on the close-packed metallic substrate as shown in Fig. 1 . Without loss of generality (see Supplementary material [20] for details) we take a lattice-matched case of graphene on the (111) surface of metal. In such system two carbon atoms from different sublattices occupy inequivalent adsorption positions of the metallic surface. They are called top, f cc, and hcp if carbon atom is placed either above M(S) atom or above the corresponding hollow site of the metallic slab, respectively [ Fig. 1(a) ]. Usually in the ground-state structure one of the carbon atoms occupies top position and the second one is placed above f cc or hcp position (see Ref. [15] and reference therein; Ref. [21] ). In this case one can expect that the sublattice symmetry is broken if the interaction strength between graphene and metal is strongly varied along the graphene lattice.
However, as the bonding energy between graphene and metal is quite small (in the range of 50 -150 meV/C-atom) and graphene is bonded to the metallic surface only via van der Waals (vdW) forces, the difference in the adsorption position cannot lead to the strong variation of the interaction strength between carbon atoms and the metallic substrate. Therefore the mechanism of the gap opening for the π band around the Dirac point due to the violation of the sublattice symmetry in the graphene unit cell can be fully ruled out.
First, let us consider a "trivial" case when graphene is placed on sp-metal [ Fig. 2(a) ]. Here the mobile sp electrons fill the unoccupied π * states of graphene yielding the shift of E D below E F (n-doped graphene). The equilibrium distance as well as the doping level of graphene depends on the difference of the work functions of graphene and metallic surface [22, 23] . The localization of the electron density on the graphene-derived π-orbitals at the graphene/metal interface leads to the increase of the attraction between graphene and metal. In the electronic structure of graphene the energy shift of π and σ states is equal. This description is valid for the graphene/alkalimetals [18] and graphene/Al [14] interfaces, where simple n-doping of graphene is observed without any modification of the Dirac cone. In case of p-doped graphene (the electrons are transferred from graphene to metal), the Dirac cone is shifted upwards. Opposite to the former situation, the electron density depletion at the graphene/metal interface leads to the decrease of the vdW interaction at the interface as the dipole moment becomes smaller. Though p-doping is hardly possible when dealing with simple sp-metals, its formal reference here is needed for the further discussion. [20] for details) for free-standing graphene give a linear dispersion of the π states in the vicinity of E F around the K point [ Fig. 3(a) ]. Adsorption of graphene on Al(111) (sp metal) yields the n-doping of graphene via transfer of the mobile 3s 2 p 1 electrons on the unoccupied π * graphene states and E D is placed at E − E F = −0.7 eV [ Fig. 3(b) ]. This situation is described by the scheme shown in Fig. 2(a) Fig. 3(c) .
Here doping of graphene by 4s electrons places E D below E F that it is energetically overlaps with the Ni 3d bands. Electrostatic interaction decreases the distance between graphene and Ni that increases the space overlap of the C p z and Ni 3d orbitals. As a result of the energy-, real-space-, and k-space-overlap of the valence band states of graphene and metal, the Dirac cone of graphene is fully destroyed and several hybrid states are formed. Effect of hybridization decreases further the distance between graphene and Ni(111) to the equilibrium value of 2.08Å. This situation is described by the scheme in Fig. 2(b) . These results are in very good agreement with experimental data for graphene/Ni(111) as well as for other "strongly" interacting graphene/metal systems [7, 9, 15, 17, 25] .
The most interesting situation is observed for graphene/Cu(111) [ Fig. 3(d) ], where graphene is n-doped due to the s electrons transfer from Cu, and E D is at E − E F = −0.45 eV. Similar to graphene/Ni(111), doping of graphene decreases the distance between graphene and Cu(111).
This effect allows to satisfy three necessary conditions for the hybridization of the Cu 3d and graphene π states (space-, energy-, and k-vector conservation during hybridization) and the hybridization in this system is detected in the energy range of E − E F ≈ −2 . . . 4.5 eV [ Fig. 3(d) ].
The further analysis of the calculated band structure of graphene/Cu(111) shows that the energy gap of 18 meV is opened directly at E D [ Fig. 4(a) ]. Decomposition of the bands around E D shows that the obtained picture is fully identical to the scheme presented in Fig. 2(c) In order to follow this effect we simulated the artificial doping of the graphene/Cu(111) system 5 via adsorbing the Li atoms above the graphene layer. As expected the energy gap is increased and the results for the doping level of E − E F = −1.33 eV and the energy gap of 46 meV are presented in Fig. 4(b) , respectively. Further increase of the doping level leads to the widening of the energy gap as shown in the plot in Fig. 4(c) , where the relative Cu 3d weight in the lower-energy branch at the K point is also presented (for the corresponding band structures, see the Supplementary material, Fig. S2 [20] ). The similar effect is also observed if the distance between graphene and Cu(111) is varied: lessening the distance leads to the stronger space overlap of graphene π and Cu 3d orbitals increasing the partial d weight of the band and consequently further widening the energy gap for the π states at the K point [ Fig. 4 It is interesting to note that appearance of the energy gap for the graphene-derived π states and its width is caused by the mixing of the graphene and metal valence band states and it changes the band dispersion close to the border of the Brillouin zone drastically. As can be seen from The three different cases considered in the present work are related to the n-doped graphene on metal. The situation is slightly different for the p-doped graphene on metal. Here the electrontransfer from graphene to metal reduces the polarization of the graphene layer that might lead to the reduction of the vdW attraction in the system that reduces the possible space overlapping of the graphene p z and metal d orbitals. However, as shown in the experiment [13, 26] , the doping of these systems can shift E D closer to the d states of metal that widening the energy gap in the electronic structure of graphene. • Description of computational details.
• Fig. S1 . Scheme for the formation of the energy gap around E D via lifting the degeneracy of the electronic states of graphene on closed d-shell metal.
• Fig. S2 . Band structures of graphene/Cu(111) for different doping levels. The corresponding energy gaps are marked in the figure.
• Fig. S3 . Band structures of graphene/Cu(111) for different distances between graphene and Cu(111). The corresponding energy gaps are marked in the figure.
• Figs. S4. Analysis of the electronic structure of graphene/Cu(111) around the K point corresponding to the graphene-Cu(111) distance of d = 2.0828Å.
Comparison of the (1 × 1)graphene/(1 × 1)metal and (n × n)graphene/(m × m)metal structures.
Graphene is a 2D layer of carbon atoms arranged in the honeycomb lattice (two carbon atoms per unit cell) [ Fig. 5(a) ]. The electronic states in free-standing graphene has a linear dispersion around the Dirac point at the Fermi level [ Fig. 5(b) ]. For free-standing graphene the states at the Dirac point degenerate as the two carbon atoms are fully identical and if there is a potential variation along the graphene unit cell, then the symmetry of states which belong to the sublattice A and B is different and the band gap is opened at the Dirac point. In this case the appearance of the band gap at the Dirac point of graphene is defined by the violation of the sublattice local symmetry in the graphene layer. This is one of the basic statements in the physics of graphene.
If graphene is adsorbed on metal, then in reality the formation of the ideal (1 × 1) latticematched graphene-metal interface is unlikely. The closest to this situation are graphene/Ni (111) and graphene/Co(0001), which have a lattice difference of about 1-1.5%. In most cases the so- point. Here we would like to point again, that appearance of the energy gap at the Dirac point has a local nature due to the violation of the local sublattice symmetry in the graphene layer.
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Description of computational details.
The DFT calculations were carried out using the projector augmented wave method [1] , a plane wave basis set and the generalized gradient approximation as parameterized by Perdew et al. (PBE) [2] , as implemented in the VASP program [3] . The plane wave kinetic energy cutoff was set to 500 eV. The long-range van der Waals interactions were accounted for by means of a semiempirical DFT-D2 approach [4] . In the total energy calculations and during the structural relaxation (the positions of the carbon atoms as well as those of the top two layers of metal are optimized) the k-meshes for sampling of the supercell Brillouin zone were chosen to be as dense as 24 × 24 and 12 × 12, respectively, when folded up to the simple graphene unit cell. The studied systems are modelled using a supercell consisting of 13 layers of metal atoms and a graphene sheet adsorbed on both sides of the slab. Metallic slab replicas are separated by about 24Åin the surface normal direction, leading to an effective vacuum region of at about 18Å. Graphene/Ni(111) and graphene/Cu(111) were modelled as a lattice-matched systems with
(1 × 1) periodicity in a most stable top − f cc configurations with a lattice constant corresponding to graphene. Graphene/Al(111) was modelled a lattice-matched system with (2 × 2) periodicity with respect to graphene lattice. In this structure the carbon atoms occupy all possible highsymmetry position of Al(111). 
